Abstract Energy restriction inhibits mammary tumor development in animal models. Epidemiologic studies in humans generally do not support an association between dietary energy intake and breast cancer risk, although some studies suggest a more complex interplay between measures of energy intake, physical activity, and body size. We examined the association between total energy intake jointly with physical activity and body mass index (BMI) and the risk of breast cancer among 1,775 women diagnosed with breast cancer between 1995 and 2006 and 2,529 of their unaffected sisters, enrolled in the Breast Cancer Family Registry. We collected dietary data using the Hawaii-Los Angeles Multiethnic Cohort food frequency questionnaire. Using conditional logistic regression to estimate the odds ratios (OR) and 95 % confidence intervals (CI) associated with total energy intake, we observed an overall 60-70 % increased risk of breast cancer among women in the highest quartile of total energy intake compared to those in the lowest quartile (Q4 vs. Q1: OR = 1.6, 95 % CI: 1.3-2.0; P trend \ 0.0001); these associations were limited to pre-menopausal women or women with hormone receptor-positive cancers. Although the associations were slightly stronger among women with a higher BMI or lower level of average lifetime physical activity, we observed a positive association between total energy intake and breast cancer risk across different strata of physical activity and BMI. Our results suggest that within sisters, high energy intake may increase the risk of breast cancer independent of physical activity and body size. If replicated in prospective studies, then these findings suggest that reductions in total energy intake may help in modifying breast cancer risk.
Introduction
Animal models provide strong support that restricting caloric intake inhibits mammary tumor development [1] . However, human studies report inconsistent findings regarding the association between dietary energy intake and breast cancer risk . In humans, physical activity and body composition are important determinants of energy intake [29] . The balance between energy intake and expenditure rather than energy intake per se may be etiologically important in affecting breast cancer risk. In fact, both increasing food consumption and body weight are observed in female rats exposed to exercise training, suggesting an interaction between energy intake, expenditure, and body size [30] [31] [32] .
Energy intake, physical activity, and body size are the three determinants of energy balance, which may work jointly affecting several biological pathways involved in cancer initiation such as insulin resistance, elevated levels of insulin-like and other growth factors, elevated levels of sex steroid hormones, pro-inflammatory state, and altered adipokines [33] [34] [35] . For example, in a large randomized controlled trial of exercise and weight loss interventions, McTiernan et al. [36] reported significant reductions in sex steroid hormones associated with exercise intervention in post-menopausal women, but the effect was seen primarily among women who also lost body weight during the intervention. Some earlier trials found that a 7-day dietary energy restriction (1,000-1,200 kcal/day) reduced serum concentration of insulin-like growth factor-1 (IGF-1) by 38 % in normal weight individuals [37] , but had no effect in obese subjects [38] ; on the other hand, dietary energy restriction led to a more profound increase in sex hormonebinding globulin (SHBG) in obese post-menopausal women than in normal weight women [39] . These findings, although far from conclusive, suggest that energy intake, body composition, and physical activity may work interactively in breast carcinogenesis.
Although associations between excessive energy intake, obesity, and sedentary lifestyle and breast cancer risk have been examined, their joint effect has not been adequately addressed in epidemiologic studies, which requires a large sample size to achieve sufficient statistical power. In addition, previous breast cancer studies of energy balance have been primarily conducted in the general population at average risk for breast cancer. Less is known about whether energy intake is also associated with breast cancer risk for women at higher risk of breast cancer due to their family history. In this study, we examined the effect of energy intake jointly with physical activity and body mass index (BMI) on breast cancer risk in 4,304 women enrolled in the Breast Cancer Family Registry (BCFR).
Materials and methods

Study population
The BCFR-recruited families from six sites in the USA, Canada, and Australia, either through population-based cancer registries (in the San Francisco Bay Area, California, USA; Ontario, Canada; and Melbourne and Sydney, Australia) or through clinical settings and community outreach (in New York City, Philadelphia, and Salt Lake City; for details see [40] ). The study was approved by the Institutional Review Board at each participating site. In this analysis, we include participants from the five North American BCFR sites that used the same dietary questionnaire.
Among full sisters with or without breast cancer who enrolled in the BCFR, 12,843 completed questionnaires that assessed family history and epidemiologic risk factors. Usual dietary intake was assessed using a food frequency questionnaire (FFQ). To minimize information bias on selfreported diet after diagnosis, we excluded 1,172 women who completed the FFQ [2 years after their breast cancer diagnosis. We also excluded 127 women with potentially unreliable dietary energy intake, defined as energy intake exceeding three standard deviations above or below the mean value of the natural log-transformed energy intake among the unaffected sisters. These exclusions left 11,644 women of whom 5,490 had a personal history of breast cancer (i.e., cases) and 6,154 were unaffected (i.e., controls). After excluding women without sisters and concordant sister sets (both affected or both unaffected), the final analysis was based on 1,755 affected and 2,529 unaffected sisters who are discordant sister sets (i.e., sets from families that had both affected and unaffected sisters).
Energy intake
Participants completed the Hawaii-Los Angeles Multiethnic Cohort Food Frequency Questionnaire which asked about usual consumption of 108 food items during the year before diagnosis for the affected women and the year before the completion of the questionnaire for the unaffected women. For each food item, the FFQ assessed frequency of consumption (never or hardly ever, once a month, 2-3 times a month, once a week, 2-3 times a week, 4-6 times a week, once a day, and 2? times a day) and portion size. This FFQ has been previously validated with three 24-hour dietary recalls and showed generally high correlations [41] . Quartiles of dietary energy intake were created based on the distribution of energy intake in the sisters unaffected with breast cancer.
Recreational physical activity
Participants answered questions about the frequency (months per year) and duration (hours per week) of strenuous and moderate exercises performed in the previous 3 years and at various times in life. Examples of strenuous activities included swimming laps, aerobics, calisthenics, running, jogging, basketball, cycling on hills, and racquetball. Examples of moderate activities included brisk walking, golf, volleyball, cycling on level streets, recreational tennis, and softball. For both strenuous and moderate activities, we asked questions about the average number of months of exercising per year (1-3, 4-6, 7-9, and 10-12 months/year) and exercise duration (none, 0.5, 1, 1-1.5, 2, 3, 4-6, 7-10, and C11 h/week). Average lifetime moderate or strenuous physical activity (hours/week) was estimated by averaging physical activities performed at different age periods (at ages 12-17, 18-24, 25-34, 35-44, 45-54. and C55 years). A binary variable was created for both moderate and strenuous physical activities to reflect whether a woman's level of average lifetime physical activity meets the US. Department of Health and Health Services 2008 Guidelines of Physical Activity for Americans (i.e., moderate physical activity C2.5 h/week or strenuous physical activity C1.75 h/week). (www.health.gov/pa guidelines).
Body mass index (BMI)
We calculated BMI in kg/m 2 based on self-reported height and weight during the year before diagnosis (affected sisters) or questionnaire completion (unaffected sisters).
Menopausal status and other variables
Women who reported having a menstrual period or giving birth within a year of the reference age were considered pre-menopausal and women who had not had a menstrual period within this time or reported having both ovaries removed were considered post-menopausal. Reference age was defined as age at diagnosis for the affected sisters and age at questionnaire completion for unaffected sisters. Women who had a hysterectomy without oophorectomy or who started using menopausal hormone therapy before they stopped menstruating were considered having an unknown menopausal status unless their reference age was C55 years in which case they were considered post-menopausal. Women with an unknown menopausal status and a reference age \55 years were considered pre-menopausal. For alcohol consumption, usual intake of beer, wine, and liquor before reference age was summed to estimate the total number of alcoholic drinks consumed per week. For smoking status, women were categorized as never, former, and current smokers based on current smoking status and age of starting and stopping smoking. Self-reported race/ ethnicity was categorized as non-Hispanic white, Hispanic, African American, Asian American or Pacific Islander, and other. Because fewer than 5 % of the women were Hispanics, they were combined with the other racial/ethnic group.
Statistical methods
We first compared the demographic and epidemiologic risk factors of breast cancer between 1,755 affected and 2,529 unaffected sisters. We then analyzed the association between energy intake and breast cancer risk among sister sets (N:M matching by family) using conditional logistic regression to calculate odds ratios (OR) and 95 % confidence intervals (CI) [42] . We adjusted all models for reference age as a continuous variable. We then examined an a priori set of confounders, including education (high school or less, some college or college graduate, graduate degree), menopausal status (pre-menopausal, post-menopausal), BMI (\25, 25-29.9, C30 kg/m 2 ), whether meeting physical activity guidelines for average lifetime physical activity (yes, no), smoking status (never, former, current smokers), usual lifetime alcohol consumption (0, \7, C7 drinks/week), age at menarche (\12, C12 years), parity (number of full-term pregnancies, continuous), age at first live birth (continuous), oral contraceptive use (ever, never), menopausal hormone therapy use (ever/never), and history of benign breast disease (yes/no). Only adjustment for history of benign breast disease altered the parameter estimates for energy intake by more than 10 %. All analyses were done by sister sets so that the following factors were controlled by design rather than by adjustment: race/ ethnicity, study site, and family history of breast cancer.
Effect modification by BMI (\25; C25 kg/m 2 ), average lifetime moderate physical activity (\2.5, C2.5 h/week), average lifetime strenuous physical activity (\1.75, C1.75 h/week), and menopausal status (post-menopausal, pre-menopausal) at the multiplicative level was evaluated by comparing the log-likelihood statistic for models that included a multiplicative interaction using indicator terms and models without interaction terms [42] . We further considered whether effect estimates differed for breast tumors defined by estrogen receptor (ER) and progesterone receptor (PR) status (ER? and/or PR? vs. ER-PRdisease).
Results
There were 1,775 affected and 2,529 unaffected sisters coming from 1,693 unique families, who were included in the analyses. Demographic and other characteristics are shown in Table 1 . The average age was 48.1 years, and most participants were non-Hispanic white (72.5 %) and pre-menopausal (62.1 %). Compared with unaffected sisters, affected sisters were slightly younger, received higher levels of education, had an older age at first live birth, were less likely to have two or more children, were more likely to have a history of benign breast diseases, and had a higher level of total energy intake, but slightly lower BMI. Affected and unaffected sisters did not differ in menopausal status, age at menarche, smoking status, usual alcohol consumption, oral contraceptive use, menopausal hormone therapy use, and levels of moderate or strenuous physical activity.
The median energy intakes in affected and unaffected women were 1,958 and 1,788 kcal/day, respectively. Total energy intake was associated with increased breast cancer risk. With adjustment for age and history of benign breast disease, high total energy intake was associated with a 60 % increased risk of breast cancer (Quartile 4 [Q4] vs. Q1: OR = 1.6, 95 % CI: 1.3-2.0; P trend \ 0.0001) ( Table 2 ). Additional adjustment for BMI, physical activity, and other breast cancer risk factors (i.e., education, menopausal status, smoking, alcohol consumption, age at menarche, parity, age at first live birth, use of oral contraceptives, and use of menopausal hormone therapy) did not alter the results (Q4 vs. Q1: OR = 1.7, 95 % CI:
In stratified analyses, the association between total energy intake and breast cancer risk was similar for all strata, but slightly stronger among women with a BMI C 25 kg/m 2 compared to those with a BMI \ 25 kg/m 2 , and among women with lower moderate physical activity (\2.5 h/week) compared to those with higher moderate physical activity (C2.5 h/week). The multiplicative interaction terms by BMI and by physical activity were statistically significant only for strenuous physical activity (P interaction = 0.01). The positive association between total energy intake and breast cancer risk in the adjusted model was overall stronger in women with \1.75 h/week of strenuous activity (Q4 vs. Q1: OR = 1.7, 95 % CI: 1.1-2.7; Q3 vs. Q1: OR = 1.8, 95 % CI: 1.2-2.8; Q2 vs. Q1: OR = 1.6, 95 % CI: 1.1-2.4) as compared to those with C1.75 h/week of strenuous activity (Q4 vs. Q1: OR = 1.5, 95 % CI: 0.9-2.5; Q3 vs. Q1: OR = 1.0, 95 % CI: 0.6-1.6; Q2 vs. Q1: OR = 1.0, 95 % CI: 0.6-1.6).
When stratified by menopausal status, the association between high energy intake and breast cancer risk was significant in pre-menopausal women (Q4 vs. Q1: OR = 1.4, 95 % CI: 1.0-2.0, P trend = 0.01), but not in post-menopausal women (Q4 vs. Q1: OR = 1.5, 95 % CI: 0.9-2.4, P trend = 0.23). Similarly, the association was only significant in women with hormone receptor positive cancers (ER?PR?, ER?PR-or ER-PR?) (Q4 vs. Q1: OR = 2.0, 95 % CI: 1.4-2.8, P trend \ 0.001), but not in women with hormone receptor negative cancers (ER-PR-) (Q4 vs. Q1: OR = 1.7, 95 % CI: 0.9-3.5, P trend = 0.23) ( Table 3) .
When total energy intake, physical activity, and BMI were considered jointly, women who had energy intake greater than the median (C1,788 kcal/day) were physically inactive (\2.5 h/week of moderate activity and \1.75 h/week of strenuous activity), and were overweight, or obese (BMI C 25 kg/m 2 ) (i.e., those with the least favorable energy balance profile) had a 50 % increased risk of breast cancer compared to those who had a low level of total energy intake, were physically active, and had a healthy weight (i.e., women with the most favorable energy balance profile) (OR = 1.5, 95 % CI: 1.0-2.2) ( Table 4 ). The three-way interaction was not statistically significant (P = 0.21).
Discussion
We examined the association between dietary energy intake and breast cancer risk individually and jointly with physical activity and BMI in sister sets. Overall, we found a 60-70 % increased risk of breast cancer associated with high energy intake and the association was dose-dependent; these results were limited to pre-menopausal women or women with hormone receptor positive cancers. Although the associations appeared to be slightly stronger among women who were more sedentary or women who were overweight or obese compared to those who were active or had a healthy weight, an overall trend of an increased breast cancer risk with high energy intake was apparent across different strata of physical activity and BMI.
The individual effect of energy intake on breast cancer risk has been examined in previous studies. One cohort study followed Swedish women diagnosed with anorexia who therefore had very low energy intake and found a 53 % lower breast cancer incidence compared to agematched controls [43] ; however, studies that examined women exposed to the 1944-1945 Dutch famine found a significantly higher risk of breast cancer in exposed women than those who were not exposed [44] . Among 15 casecontrol studies and 12 cohort studies that examined a range The positive association between energy intake and breast cancer risk can be explained by the greater absolute intake of energy or by components of diet that typically constitute higher versus lower energy intake. Fat and alcohol provide higher energy per unit than carbohydrate and protein. Therefore, it is possible that the observed association was due to high fat consumption or dietary patterns that are high in fat and low in fruits and vegetables. However, we did not find differences in percentage of energy from fat or in dietary patterns between affected and unaffected sisters. Alcohol consumption was not associated with breast cancer risk in sisters [45] . Although further confirmation is needed, our results suggest that the greater intake of energy rather than the source of energy contributes to an increased risk of breast cancer in sisters.
One case-control study [19] and three cohort studies [3, 22, 46] examined associations with the three components of energy balance (i.e., energy intake, physical activity, and BMI) jointly. These studies reached different conclusions regarding the joint effect of energy intake, BMI, and physical activity: two reported a 20 % increased risk of breast cancer associated with high energy intake ([2,000 kcal/day) but not with low physical activity [3, 22] , and the other two reported an inverse association between high physical activity ([4 h/week) and breast cancer risk but no association with energy intake [19, 46] . Nevertheless, four studies consistently identified an increased breast cancer risk associated with the least favorable energy balance profile: high energy intake, high body size, and low physical activity. Excessive energy intake and physical inactivity significantly increased breast cancer risk, in particular among women with a BMI C 25 kg/m 2 [19, 46] . We found an overall 60-70 % increased risk of breast cancer associated with high levels of energy intake when comparing breast cancer cases to their unaffected sisters, all of whom were relatively young. Our results also indicated that the association between energy intake and breast cancer risk was slightly stronger among overweight or obese women than women with healthy weight, and among sedentary women than among active women, although the statistical interaction was significant only for strenuous physical activity. In addition, women with the least favorable energy balance profile had an increased risk of breast cancer compared to women with the most favorable energy balance profile.
Previous studies suggest that the association between energy balance and breast cancer risk may depend on menopausal status. The different effect of body size on breast cancer risk in pre-menopausal and post-menopausal women has been consistently observed [47] [48] [49] . An increased risk associated with high BMI among postmenopausal women may be explained by elevated levels of free estradiol produced by the adipose tissue of obese postmenopausal women. In contrast, obesity-related anovulation may explain a small decreased risk of breast cancer in pre-menopausal women [35] . Physical activity seems to confer a stronger protective effect on breast cancer among post-menopausal than pre-menopausal women [49, 50] . When body size is also taken into consideration, however, prior studies produced conflicting results regarding whether the joint effect between physical activity and BMI differs by menopausal status [50] . Few studies examined the integrated effect of energy balance on breast cancer risk in pre-menopausal and post-menopausal women separately P trend = 0.01 P trend = 0.06 a Adjusted for age and history of benign breast disease b Additionally adjusted for education, menopausal status, BMI, average lifetime physical activity, smoking, usual alcohol consumption, age at menarche, parity, age at first live birth, ever use of oral contraceptives, and ever use of menopausal hormone therapy [19, 22] , and the results are mixed. A stronger association between unfavorable energy balance profile and breast cancer risk was found in pre-menopausal women in one study [22] , but in post-menopausal women in another study [19] . In our study population of which 60 % were premenopausal women, we found significant associations between high energy intake and breast cancer risk and a significant trend in pre-menopausal women, but not in postmenopausal women. More research is needed to elucidate the effect of energy balance on breast cancer risk by menopausal status. Estrogen and progesterone receptors are important characteristics of breast tumors, and it has been shown that reproductive and other hormonal risk factors are more closely related to ER?PR? breast tumors than ER-PRtumors [51, 52] . Whether energy balance exerts a heterogeneous effect on breast cancer risk by hormone receptor status has not been evaluated in other studies, although obesity, physical activity, and energy intake were each examined in a few studies, but results are inconclusive [51] [52] [53] [54] [55] [56] [57] [58] . We found the association between energy intake and breast cancer risk, although elevated in both hormone receptorpositive and -negative cancers, was only statistically significant in hormone receptor-positive cancers.
Our study has several strengths. The study sample size allows for the evaluation of an integrated effect of energy intake, BMI, and physical activity on breast cancer risk. In addition, nearly 80 % of the affected sisters had information available on tumor hormone receptor status, which made it feasible to examine the association between energy balance and hormone receptor defined breast cancer risk. Although many investigations have been carried out to examine risk factors of breast cancer in the general population, few have examined the impact of behavioral risk factors within families. The sister-set design allows for partial control of genetic influence on breast cancer because similar genes are shared by sisters. It also allows for control of fixed-level family effects such as parental body size and environmental factors that are likely to be shared within families. However, the sister-set design may also be less powerful to study the effect of diet on breast cancer risk if sisters tend to be similar in early life nutrition and/or lifetime dietary habits [59] .
Evaluating the effect of energy balance is challenging because measures of energy intake, body size, and physical activity in observational studies are subject to measurement errors. In particular, under-reporting of energy intake and body weight and over-reporting of physical activity has been observed among individuals who are overweight or obese, which may result in misclassification of energy balance and lead to biased results [60] [61] [62] . More objective measures have been developed to assess energy intake and expenditure such as doubly labeled water, 24-hour physical activity diary, and covert weighted food intake [63] . However, these methods cannot easily be implemented in large-scale epidemiologic studies because of the considerable cost and inconvenience. Assessing energy balance through questionnaires still represents one of the most practical ways to evaluate the association between energy balance and breast cancer risk in observational studies. The FFQ used in this study has been previously validated in a multi-ethnic population and showed satisfactory correlations with multiple 24-hour dietary recalls [41] . For physical activity, we collected data on recreational activities but did not include questions on occupational or household activities; total physical activity is therefore likely to be underestimated. We did not ask information about specific types of exercise so that the metabolic equivalents (MET) of physical activity could not be calculated. However, the most consistent evidence on the protective effect of physical activity was observed for recreational activities [50] , and the questionnaire used in this study captured the frequency and duration of both strenuous and moderate recreational physical activity over the life time. Therefore, our study provides a comprehensive assessment of energy balance. Because diet was assessed after cancer diagnosis, in a case-control design, recall bias can be a concern if cases and controls recall their energy intake differently. However, because the BCFR administered a questionnaire to assess a comprehensive list of genetic and environmental influences on breast cancer, not only diet, it is unlikely that cases reported greater energy intake than controls because they were aware of the specific dietary hypotheses we investigated. Another concern is that cases may have changed their dietary habits because of cancer diagnosis. We excluded women who completed the FFQ more than 2 years after their breast cancer diagnosis to prevent reverse causation given that dietary intake was not measured prospectively.
In summary, we found an increased risk of breast cancer associated with high energy intake and the association was dose-dependent. Although the association between energy intake and breast cancer risk appeared to be stronger among women who performed less than 15 min/day of strenuous physical activity compared to those who did, the overall trend of an increased risk of breast cancer with high energy intake was observed across different strata of physical activity and BMI. This association was limited to pre-menopausal women or women with hormone receptor positive cancers. Future prospective studies are needed to replicate our findings and to further examine the role of energy balance in breast cancer development. Such knowledge is of public health and clinical importance because energy intake and expenditure are modifiable behaviors, and behavioral modification may potentially reduce the incidence of breast cancer in the general population as well as in women at increased risk of breast cancer due to their family history of breast cancer.
Acknowledgments This study was funded through a Susan G. Komen Breast Cancer Foundation Career Development Award (KG081157) (FÁF. Zhang). This study was also supported by the National Cancer Institute, National Institutes of Health under RFA-CA-06-503 and through cooperative agreements with members of the Breast Cancer Family Registry (BCFR) and Principal Investigators, including Cancer Care Ontario (U01 CA69467), Cancer Prevention Institute of California (U01 CA69417), Columbia University (U01 CA69398), Fox Chase Cancer Center (U01 CA69631), Huntsman Cancer Institute (U01 CA69446), University of Melbourne (U01 CA69638), and Georgetown University Medical Center Informatics Support Center (HHSN261200 900010C). Au note: (The content of this manuscript does not necessarily reflect the views or policies of the National Cancer Institute or any of the collaborating centers in the BCFR, nor does mention of trade names, commercial products, or organizations imply endorsement by the US Government or the BCFR.) COI: (The authors declared no conflict of interests.)
